Objectives: This study aims to use three-dimensional (3D) high-resolution manometry to identify circumferential pressure patterns generated within the asymmetrical base-of-tongue and hypopharynx regions of the pharynx during deglutition.
INTRODUCTION
During deglutition, a series of complex events occur within the pharynx, ensuring successful bolus movement from the oral cavity into the esophagus. The base of tongue and hypopharynx are two physiological regions of the pharynx found between the soft palate and pharyngoesophageal segment where coordinated mechanisms responsible for airway protection and bolus clearance are located, namely, retraction of the tongue base, longitudinal pharyngeal constriction, laryngeal and pharyngeal elevation, and laryngeal inlet closure. Even with the upper esophageal sphincter (UES) functionally intact, dysfunction in any of these components of swallowing can lead to bolus pooling, abnormal direction of bolus flow, and subsequent airway invasion. 1, 2 To provide effective clinical care for patients with pharyngeal dysfunction, understanding of normal three-dimensional (3D) physiological mechanisms in these regions is critical.
Numerous modalities, including manometry, videofluoroscopy, electromyography, and computed tomography scanning, have been used to gain information about swallowing physiology. Because swallowing is a pressuredriven process, manometry has played an important role in establishing our understanding of fundamental pharyngeal pressure changes. Additionally, manometry has illustrated specific longitudinal pressure differences between regions. Swallowing pressure profiles and timing events in base-of-tongue and hypopharynx regions have been described under normal conditions, although the two regions are often combined for analysis. [3] [4] [5] [6] Early on in the use of pharyngeal manometry, the importance of considering radial positioning of pressure measurement was introduced because of the recognized anatomical complexity.
was published, and although these studies identified high anteroposterior pressures, results were technically limited because they used modified versions of low-resolution catheters to collect information along the pharynx. [8] [9] [10] [11] The development of high-resolution manometry (HRM) has provided a significant improvement in spatiotemporal resolution of data output in comparison to conventional manometry by increasing the number of vertical and radial transducers. 12, 13 However, although incorporating circumferential pressure, currently used standard HRM catheters only report unidirectional or average measurements from a given sensor region, limiting the ability to comment on specific directional contributions.
14 Three-dimensional high-resolution manometry (3D-HRM) is a recently developed, now commercial tool that, unlike standard HRM catheters, preserves and yields individual directional pressures. 15 The improvement in the number and positioning of the 3D sensors has made 3D-HRM significantly more valid and reliable for simultaneously evaluating multiple adjacent locations in comparison to previously constructed catheters. Thus far, 3D-HRM has proven to be useful in evaluating pressure in other areas of the alimentary canal, including the esophagogastric junction [15] [16] [17] and anal canal, 18 and it has most recently been used to identify asymmetry in the UES region during swallowing and nonswallowing tasks. 14 Assessment of the more rostral pharynx with this more robust technology, however, has not yet been reported.
We used 3D-HRM to describe pressure changes in base-of-tongue and hypopharynx regions during deglutition, and hypothesized that we would identify asymmetrical patterns of pressure in healthy individuals. Knowledge of circumferential pressure activity in these two regions will not only aid interpretation of normal and abnormal data reported from other manometric catheters but will also improve understanding and evaluation of swallowing pathophysiology.
MATERIALS AND METHODS

Data Collection
This study was approved by the institutional review board of the University of Wisconsin-Madison. Data were collected from four males and eight females (n 5 12) with a mean age of 22 years (range: 21-29). Participants had no known history of swallowing, neurological, or gastroenterological pathology and, to avoid the potential effects of a full stomach, were instructed to refrain from consuming solid foods for 4 hours and liquids for 2 hours before the study.
A solid-state, Manoscan 3D high-resolution manometer (Given Imaging, Deluth GA) was used to collect pressure data. This catheter has an outer diameter of 4.3-mm and 44 pressure sensors spaced equally along its length. Twelve of these transducers collect 3D data through eight smaller circumferentially placed channels, which record directional pressure data from a given 45-degree angle. Each 3D transducer group is 5-mm long, spaced 3-mm apart from each other. The remaining 32 sensors average the circumferential input of their given cross-sectional level. The catheter was calibrated prior to each use per manufacturer specification, to record pressures between 220-and 600-mm Hg, at a sampling rate of 50 Hz, with a fidelity of 2-mm Hg.
Prior to catheter insertion, topical 2% viscous lidocaine hydrochloride was applied to the nasal passages and outer surface of the catheter to act as an anaesthetic and lubricant. The catheter was inserted transnasally into the pharynx, until the inferior 3D sensors encompassed the UES high-pressure zone. Catheter orientation was confirmed through visualization of anterior surface markings with an oral light source. Once the participant became adjusted to the catheter, the participant swallowed five 10-mL thin-liquid boluses administered via syringe. A neutral head position was maintained, and no additional swallowing maneuvers were attempted. All study participants tolerated the procedure.
Data Analysis
A customized MatLab program (MathWorks, Natick, MA) was used for data analysis. Directional pressure data were extracted from the 3D recordings, and mean pressure values for each sensor were calculated by averaging the circumferential pressures. Sensors were then grouped by pharyngeal region based on the following recognized manometry features seen on the average pressure waveforms. [3] [4] [5] [6] 19 The velopharynx region embodies the two or three most superior sensors showing swallowing-related pressure. Pressure waveforms in this region are bimodal and begin prior to other pressure waves in the pharynx. 3 Sensors located in the base-of-tongue region are directly inferior to the velopharynx. They have a later pressure onset and typically have a unimodal shape. The hypopharynx is inferior to the base-of-tongue region and superior to the UES. The transition is noted by a slightly delayed onset of pressure compared to the base-of-tongue region, and the pressure trace often includes multiple, irregular waveforms with sharp pressure changes 6 (Figs. 1 and 2). Pressures generated in the rostral and caudal UES regions are identified by unique pressure patterns described by Jones et al. 19 Rostral movement of the catheter within the pharynx occurs as a result of velopharyngeal port closure. 19 However, unlike in the UES-where consideration needs to be given to catheter movement and UES elevation because pressure transference occurs throughout swallowing events 19 -pressure activity in the base-of-tongue and hypopharynx regions follows velopharyngeal closure. Consequently, measurements within these regions are taken while the catheter remains at a relatively stable and elevated position. In some cases, we found that 3D sensors did not reach the superior portion of the baseof-tongue region because the catheter was positioned by the UES. To accurately analyze this region, base-of-tongue data were excluded when fewer than two 3D sensors were within the region. Two cases fell into this category.
Using the axially averaged swallowing pressure traces in the base-of-tongue and hypopharynx regions for each sensor level, the time point of maximum pressure was identified, a variable commonly used in clinical practice. At this time point, the corresponding eight directional pressure values were extracted. The maximum pressures produced by each direction during bolus clearance, regardless of time, were also identified (Fig. 2) . When possible, discernible nonclearance contact pressures were excluded from these measurements. Additionally, 2D pressure integrals for each direction were calculated, representing the area beneath the pressure curve at a single sensor level (mm Hg*(s/50)) and providing a measurement of total pressure generation for a given direction. Time begins from the first documentation of pressure elevation and ends at the final depression of the waveform. 4, 5, 20 To determine a measurement of intrabolus pressure, circumferential pressures in the most inferior hypopharynx sensor were isolated at the time point 0.2 seconds prior to the midpoint of the UES nadir period. Upper esophageal sphincter nadir is defined as the period in which UES pressure drops to below 5% of its maximum pressure. 21 To simplify analysis and improve statistical degrees of freedom, sensors within regions were averaged, and the eight circumferential sensors were collapsed into four pairs based on direction: anterior, posterior, left-lateral, and right-lateral. 14 Repeated measures analysis of variance were calculated to compare differences across swallowing pressures for direction (anterior, posterior, left-lateral, and right-lateral) and location (base of tongue and hypopharynx) in the pharynx. Pairwise comparisons were then performed using Fisher's Protected Least Significant Differences test. Greenhouse-Geisser correction was used when the assumption of sphericity was not met. An alpha criterion of P 0.05 was used to determine significance of the results. Effect size is reported as partial g 2 .
RESULTS
Examples of directional variation in pressure waveforms are shown in Figures 1 and 2 . Clearance pressures in both regions were asymmetrically produced. Analysis of the directional pressures at the time point of average maximum pressures revealed a significant main effect of sensor direction on pressure (F(3,33) 5 8.54, P < 0.001) with posterior pressures greater than all other directions (Fig. 3) . There was no significant difference in maximum pressures produced between locations, nor was there an interaction between location and direction.
A significant interaction was noted between direction and location when comparing maximum clearance pressures produced by each individual direction regardless of time (F(3,27) 5 3.06, P 5 0.045). In the base-oftongue region, posterior pressures were significantly greater than anterior (P 5 0.018), right-lateral (P 5 0.009), and left-lateral pressures (P 5 0.011). In the hypopharynx region, anteroposterior pressures were significantly greater than both left-and right-lateral pressures. When comparing the regions, higher anterior pressures were produced in the hypopharynx (P 5 0.0021) (Figs. 4A and 4B).
A significant main effect of both direction (F(3,33) 5 9.75, P < 0.001) and location (F(1,9) 5 7.14, P 5 0.026) exists on pressure integral, without an interaction. Posterior pressures were significantly higher than both anterior (P 5 0.012) and lateral directions (P < 0.001). Anterior pressures were slightly higher than right-lateral pressures (P 5 0.045), but were not different than left-lateral pressures. Comparison of regional pressure integral identified higher overall pressure in the base-of-tongue region (Fig. 5) .
At the time point of intrabolus pressure in the hypopharynx, there was no statistically significant difference in the directional pressures ((F(3,9) 5 1.854, P 5 0.18, partial g 2 5 0.144) (Fig. 6) .
DISCUSSION
In the present study, we confirmed significant circumferential asymmetry in swallowing-related pharyngeal clearance pressures. Differentiation of base-of- tongue and hypopharynx regions based on identifiable manometric parameters enables a more thorough assessment of 3D pharyngeal complexity and builds on previous work using low-resolution manometry. As such, it improves our understanding of how pressure measurements reflect specific physiological activity in the pharynx. In both regions, clearance pressures were primarily posteriorly generated, a reminder that contraction of the longitudinal muscular wall is a key contributor of force during bolus clearance regardless of location. The role of pharyngeal contraction in bolus clearance is not a new concept in any sense, 2, 22, 23 accounting for two out of the 10 pharyngeal domains in the Modified Barium Swallow Impairment Profile, a standardized functional assessment of swallowing using videofluoroscopy. 24 However, confirmation of its role in pressure drive along the length of the pharynx supports the importance of evaluating these specific components in every clinical case and adding pharyngeal therapy to patients with low clearance pressures.
The anatomical arrangement and contractile properties of the pharyngeal constrictor muscle fibers is emulated in symmetrically lower lateral pressure relative to posterior pressure. We know that a substantial portion of the muscle is positioned posteriorly at the insertion into the median raphe, leaving the fibers that laterally wrap around functionally weaker. Additionally, the rigid spine lies posteriorly and passively contributes to pressure generation. 11 Rigid lateral structures such as the lateral hyoid, lateral thyroid cartilage, and styloid also may shield some contractile force. As a result, posterior pressures average two to three times greater than corresponding lateral pressures.
Retraction of the tongue base works in conjunction with the posterior and lateral pharyngeal wall contraction to ensure bolus movement and vallecular clearance. [23] [24] [25] Fig . 3 . Bar graphs of average base-of-tongue and hypopharynx region pressures for posterior, anterior, left-lateral, and right-lateral directions at the time point of average maximum pressure for both the base-of-tongue and hypopharynx regions. The calculated average circumferential pressure also is shown for comparison. Posterior pressures were found to be significantly higher than all other directions. Error bars indicate standard error of the mean. *P < 0.05. † P < 0.01. ‡ P < 0.001. Circumferential differences are shown. The calculated circumferential average pressure also is shown for comparison. In the base-of-tongue region, posterior pressures were significantly higher compared to all other directions. In the hypopharynx, anteroposterior pressures were higher than right-and left-lateral pressures. Pressures in the base-of-tongue region were higher than pressures in the hypopharynx. Posterior pressures were found to be significantly higher than all other directions. Anterior pressures were also slightly higher than right-lateral pressures. Error bars indicate standard error of the mean. *P < 0.05. † P < 0.01. ‡ P < 0.001. Fig. 5 . Bar graphs of average base-of-tongue and hypopharynx region integral pressures for posterior, anterior, left-lateral, and right-lateral directions. The calculated circumferential average pressure integral also is shown for comparison. Pressures in the base-of-tongue region were higher than pressures in the hypopharynx. Posterior pressures were found to be significantly higher than all other directions. Anterior pressures were also slightly higher than right-lateral pressures. Error bars indicate standard error of the mean. *P < 0.05. † P < 0.01. ‡ P < 0.001. This coordination was observed in the character of the base-of-tongue regional pressure traces, with all directions at this level predominantly exhibiting unimodal and relatively coordinated pressure waves ( Figs. 1 and 2 ). In line with the distinct mechanism of muscular activity and the character of the pressure traces, pressure integrals in this region were notably higher than in the hypopharynx. Focus is often placed on the assessment of the tongue base movement clinically on videofluoroscopy, and incomplete retraction has been associated with a reduction in base-oftongue regional pressures. 26 As such, we had predicted that in a healthy pharynx, anterior pressures would be close in value to their posterior counterparts. However, this was not the case.
Interestingly, in the base-of-tongue region, anterior and lateral pressures were both comparably lower than posterior pressures. The similarity in anterolateral activity may be due to the anatomical relationship between fibers of the transverse lingual and glossopharyngeus muscles and the superior pharyngeal constrictor muscle at this level. 27, 28 It also is feasible that the tongue base contacts the lateral 3D-HRM sensors as it retracts, distributing pressure laterally. Results of a posterior dominant pattern rather than an anteroposterior pattern informs us that when swallowing a 10-mL bolus, tongue base retraction, although imperative, may not have as significant a role in pressure generation as presumed. This will help to guide swallowing evaluation and rehabilitation, particularly in the context of low regional pressures. These findings provide additional rationale for exercises shown to target and strengthen the constrictor muscles, for example, the tongue-holding maneuver. 29, 30 In the hypopharynx, anterior pressures were significantly more pronounced than in the base-of-tongue region, with individual maximum pressures reaching close to those of the posterior direction. Pressure measurement in this region may be impacted by the catheter contacting aspects of the rigid, cartilaginous laryngeal and pharyngeal structures, enhanced by swallowing-related movements of these structures and movement of the catheter itself. The complexity of the hypopharynx pressure waveform shape is most likely attributed to this as well; visual comparison of the directional and average waveforms revealed that the anteroposterior directions most often are the origin of irregularity (Fig. 2B) . It is unclear whether these high anterior pressures are physiologically significant in terms of bolus clearance or merely a passive process due to positioning of cartilaginous laryngeal and pharyngeal structures in relation to the catheter. Any contact with the catheter during supraglottic laryngeal closure or during pharyngeal constriction has the potential to affect the pressure trace. We suspect that the epiglottis is a structure particularly prone to transmitting high levels of anterior pressure during normal retroflexion within the pharyngeal cavity. Recognition that the epiglottis does not always achieve maximal inversion in healthy individuals before bolus transit 31 likely increases this susceptibility of pressure transference before, during, and after bolus clearance. In part, some of the anteroposterior pressure may reflect force generated on the opposite side of the catheter. Furthermore, activity of one wall is anatomically linked to the others due to the attachment of the constrictor muscles on the thyroid and cricoid cartilages. 32, 33 Susceptibility for transference of pressure in either direction will also increase with any noncentral positioning of the catheter in the cavity or anatomical variation. Additional characterization of anterior pressure profiles in relation to anatomical activity is required to guide clinicians on interpretations of these pressures and will be subject to future study.
In contrast to clearance pressure patterns, we observed symmetrical pressures during bolus transit in the hypopharynx, with pressures averaging approximately 10-mm Hg in all directions for 10-mL swallowing tasks (Fig. 6 ). This supports our assumption that as the bolus approaches the UES, both the inferior constrictor muscle and posterior cricoid surface are in a relatively relaxed state, leaving an open pharynx. This pressure symmetry during bolus transit is likely due to a combination of the minimal pressure exerted by pharyngeal walls on the catheter at this time point and the properties within the fluid to generate pressure equalization inside the space to which it is confined. 11 Of note, we observed a relatively large pressure range in all directions, suggesting that intra-and interindividual complexity of the pharynx also may subtly influence cavity pressure during bolus transit.
Knowledge of unequal pressure distribution in the base-of-tongue and hypopharynx regions during bolus clearance further improves our understanding of how radial orientation impacts pharyngeal manometric measurements. As described in the UES region, 14 manometers with unilateral sensors are prone to misrepresenting pressure ranges in the rest of the pharynx due to the large directional variation. When used, they require consistency and consideration of the direction of measurement for inter-or intra-individual comparison. Circumferentially averaging manometric devices, on the other hand, are susceptible to oversimplifications of pressures, as shown in the analysis of circumferential pressures at the time of average maximum pressure (Fig. 3) . Global physiological abnormalities may be detected with these standard catheters. However, the extent of changes in true pressure minima or maxima may not. Results that fall within a normal range may also conceal compensatory mechanisms or subtle unidirectional abnormalities within the lower pressure zones. However, an understanding of the normal asymmetrical pressure patterns in the base of tongue and hypopharynx is important for clinicians to recall when using any type of manometry, and can help guide users when evaluating an individual patient or when comparing published data.
Within abnormal maximum, integral, or intrabolus pressure measurements, varying changes in directional pressure patterns are also likely to occur as a direct result of either the underlying base-of-tongue or hypopharyngeal pathology or treatment protocols. Three-dimensional HRM may be a particularly useful tool for identifying specific directional physiological abnormalities in complex cases as an adjunct to videofluroscopy, when traditional manometry is inconclusive. Its use also may be indicated in the future to evaluate the direct effects of compensatory strategies, with the additional benefit of providing qualitative biofeedback for clinicians and patients. Additional study of specific pathological patterns using 3D-HRM will inform clinicians about pressure changes relative to findings on other assessment modalities, and in the future will guide improvements in targeted treatment options.
We identified three limitations to this study: First was the use of a single bolus volume. Although different pressure patterns during bolus transit and clearance may exist in response to larger or smaller volume sizes, analysis of 10-mL swallowing tasks offers a useful comparison with other currently published manometry studies and likely identifies pressure patterns applicable to a range of volumes. 21 Second, despite attempts to minimize the inclusion of nonclearance contact pressure in measurements, overlap between clearance and nonclearance in some cases made it difficult to discern between the two. Last, we were unable to account for subtle vertical and or rotational changes by the catheter that occurred during a swallow. However, we suspect that these movements did not appreciably affect results, which was based on consistent pressure patterns observed and that any effect was minimized by regional and directional sensor consolidation.
CONCLUSION
This study demonstrates that circumferentially asymmetrical swallowing pressure patterns are generated in the base-of-tongue and hypopharynx regions to facilitate clearance of a 10-mL bolus from the pharynx. This asymmetry disappears during bolus transit in the healthy pharynx. These results improve our understanding of the significant impact of the posterior direction on overall pharyngeal pressure. Furthermore, we showed that location within the pharynx, particularly in relation to the anterior wall, can significantly affect both pressure generation and complexity of the character of the pressure waveforms. An understanding of the similarities and differences in circumferential pressure generation between the base-oftongue and hypopharynx regions is important for clinicians and researchers using manometry for more accurate interpretation of data. Pressure patterns described here should be recalled when reviewing circumferentially averaged manometry results from these regions, and should be applied when undertaking future study and evaluating and treating patients with dysphagia.
